ABSTRACT: High doses of ZnO are used to treat diarrhea in weaning pigs but are also an environmental concern. The mechanism of action of Zn against diarrhea is still not well understood. The amount of solubilized Zn, the relation of Zn with Fe and Cu, and the concentration of these elements in the gastrointestinal tract (GIT) are key data to understanding its mechanism of action and optimize its use. Therefore, we studied the Zn, Fe, and Cu concentrations in the GIT content of unweaned, weaned, and ZnO-treated pigs. Eight litters were used and 3 piglets were selected within each litter. Two piglets from each litter were weaned at 21 d of age and fed a commercial control diet (WCt) or WCt + 2000 mg/kg of Zn as ZnO (WZn). The third pig was kept unweaned (Uw) with the sow. All 24 pigs were killed at 28 d of age, GIT contents were sampled, soluble and insoluble fractions of the content were separated, and Zn, Fe, and Cu concentrations were analyzed. Concentration of Zn increased 3 to 5 fold along the GIT (2 to 10 fold in the soluble fraction) for weaned pigs on WZn compared to WCt and Uw pigs (P < 0.01 in all cases). The proportion of total Zn that was present in the soluble fraction was 4 to 10 folds higher in jejunum, ileum, and cecum of Uw pigs than in those weaned (P < 0.01 in all cases) but was not affected by ZnO treatment. Concentration of Fe in the soluble fraction was higher for Uw pigs compared to weaned pigs along the GIT (P < 0.05 in all cases) even when concentration in total content was lower for Uw pigs in stomach (P = 0.001) and jejunum (P = 0.029). Concentrations of Cu were lower in Uw pigs than in weaned pigs along the GIT (P < 0.05 in all cases). Surprisingly, animals on WZn showed a 5 to 10 fold increase of Cu solubilized in distal parts of the GIT (cecum and colon; P < 0.001) compared to other groups. Differences in Zn, Fe, and Cu concentrations found among treatments will be useful in future studies for understanding mechanism of action of ZnO and optimizing its use in order to avoid environmental concerns.
INTRODUCTION
High in-feed doses of ZnO are used for prevention and treatment of diarrhea in weaning pigs but its mechanism of action is still not well understood. In vitro studies with enterocytes and different concentrations of Zn have provided interesting hypothesis, such as protective effects against bacteria (Roselli et al., 2003) or modulation of genes encoding for stress response proteins (Sargeant et al., 2011) . Concentration of Zn in the soluble fraction of gastrointestinal tract (GIT) content is important for its bioavailability (Lönnerdal, 2000) , and it is often discussed for other mechanisms against diarrhea. Therefore, knowing Zn concentrations in total and soluble fractions of the GIT content and any interaction with Fe and Cu would be very useful for understanding Zn mechanisms of action. However, there is no information about these concentrations in unweaned, weaned, and ZnO-treated pigs, especially in the soluble fraction. In the present study, we analyzed Zn, Fe, and Cu concentrations in the GIT content of unweaned pigs and in weaned pigs fed either therapeutic doses of ZnO or a diet without ZnO.
MATERIALS AND METHODS
This experiment was approved by the Animal Protocol Review Committee of the Universitat Autònoma de Barcelona following the European Union guidelines. Eight litters were selected from a commercial farm (Les Feixes S.A., Les Masies de Voltregà, Spain) and 3 piglets (Large White × Landrace) were selected within each litter at 21 d of age (7.02 ± 0.693 kg). Two of the three selected piglets from each litter were weaned and transported to the experimental farm at the Universitat Autònoma de Barcelona and were allocated into 8 pens (2 animals/pen) assigning littermates to different pens and treatments. Pens were allotted to 2 dietary treatments (4 replicates/ treatment): a commercial control diet (WCt) containing 19.6% CP and 1.52% Lys [60% cereal, 11% extruded soy (Glycine max), 9% egg meal, and 15% sweet whey powder; as-fed basis] and WCt with 2000 mg/kg of Zn as ZnO added (WZn). Concentrations of Zn, Fe, and Cu in WCt were 120 mg of Zn (2160 in the diet with added Zn), 150 mg of Fe, and 15.6 mg of Cu per kg of feed, as-fed basis. Pigs had ad libitum access to feed and water and no antimicrobial substance was added to the diets. The third selected pig from each litter was kept unweaned (Uw) with the sow and the rest of the litter and had ad libitum access to water. Room temperature was maintained at 25 ± 3ºC. At the end of the experimental period (1 wk after weaning) pigs were slaughtered by an overdose of sodium pentobarbital (Dolethal, Vetoquinol, S.A., Lure, France). Stomach, jejunum, ileum, cecum, and colon contents were sampled and stored at -20 ºC. Samples were ultracentrifuged (18,000 × g; 1 h; 20 ºC). The supernatant was fi ltered (45 mm) to obtain the soluble fraction. Soluble and insoluble fractions were digested with concentrated HNO 3 in a microwave oven (MARSXpress, CEM GmbH, Kamp-Lintfort, Germany) and were analyzed for Zn, Fe, and Cu by inductive coupled plasma optical spectrophotometer (Optima 4300DV, PerkinElmer Inc., Waltham, MA). Concentrations of Zn, Fe, and Cu in soluble and insoluble fractions were summed in order to obtain concentration in total GIT content. The proportion of total Zn, Fe, and Cu present in the soluble fraction was also calculated. Data was analyzed by ANOVA using SAS 9.2 (SAS Institute Inc., Cary, NC) including treatment as a fi xed factor. Pig was used as the experimental unit in order to account for litter variability. Concentrations were logarithm transformed before analysis when required in order to reach normality. Alpha level for determination of signifi cance was 0.05 and trend was discussed with an alpha of 0.05 to 0.10. Tukey's multiple mean comparison tests were used for mean separation. Within a row, means without a common superscript differ (P < 0.05). 
RESULTS
Pigs weaned onto WCt had greater contribution (%) of the soluble fraction to total GIT content (fresh matter) in stomach (70.6 vs. 39.8%; SEM = 6.35; P < 0.01), jejunum (81.4 vs. 67.1%; SEM = 4.44; P < 0.05), cecum (60.2 vs. 35.8%; SEM = 6.27; P < 0.05), and colon digesta (41.9 vs. 7.28%; SEM = 6.86; P < 0.01) but not in ileum (59.1 ± 23.76%). Pigs fed WCt or WZn had increased total Zn concentrations along the GIT compared to unweaned pigs (Table 1) . Pigs fed WCt had increased total Fe concentrations (mg/kg) in stomach (26.1 vs. 69.5 mg/kg; SEM = 6.08; P < 0.01) and jejunum (10.9 vs. 51.6 mg/kg; SEM = 11.70; P < 0.05) but not in ileum (94.5 ± 80.40 mg/kg), cecum (196 ± 121.3 mg/kg), and colon (244 ± 171.2 mg/kg). Pigs fed WCt also had increased total Cu concentrations (mg/kg) in stomach (3.93 vs. 25.4 mg/kg; SEM = 2.82; P < 0.01), jejunum (3.59 vs. 22.3 mg/kg; SEM = 4.90; P < 0.05), ileum (18.0 vs. 51.0 mg/kg; SEM = 8.02; P < 0.05), cecum (43.5 vs. 97.7 mg/kg; SEM = 13.92; P = 0.05), and colon (62.8 vs. 195 .1 mg/kg; SEM = 27.59; P = 0.01).
Relative to unweaned pigs, those fed WCt had increased Zn concentration in the soluble fraction of stomach but decreased proportion of total Zn present in the soluble fraction of jejunum, ileum, and cecum; decreased Fe concentrations in the soluble fraction of stomach, ileum, cecum, and colon and the proportion of total Fe present in the soluble fraction of stomach and jejunum; and increased Cu concentration in the soluble fraction in stomach and ileum. Compared to WCt, therapeutic ZnO increased Zn concentrations in the soluble fraction along the GIT but not the proportion of total Zn present in the soluble fraction. Therapeutic doses of ZnO also increased Cu concentration and the proportion of total Cu present in the soluble fraction of cecum and colon compared to WCt.
DISCUSSION
Relative to unweaned pigs, feeding WCt or WZn resulted in a wide range of changes in Zn, Fe, and Cu concentrations and the proportion of elements present in the soluble fraction in the GIT. Total zinc concentrations reached 300 to 2000 mg/L in GIT content and 10 to 150 mg/L in the soluble fraction with the ZnO treatment. Therefore, intestinal bacteria and cells may be exposed to big variations due to weaning and being fed either WCt or WZn that may greatly affect their metabolism. These high concentrations are not typically used in cell culture studies. Percentages of Zn and Fe in the soluble fraction were in general low except for particular cases, such as Zn in stomach of WCt pigs and in the ileum of WZn pigs, where lower pH may solubilize Zn to a larger extent. It is of special interest that ZnO treatment increased Cu solubility in the hindgut. Data from organ mineral content of the same pigs published in Davin et al. (2012) actually showed a slight increase in Cu in some cellular compartments, such as blood cells.
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